ABSTRACT Ferric ion reduced the dmagin effects of T-toxin, a series of linear j-polyketols produced by the pathogenic fngus CocAliobolus heterostrophas, on leaf mesophylH protoplasts from susceptible T-cytoplasm corn.
The fungus Cochliobolus heterostrophus Drechsler (anamorph: Bipolaris maydis = Helminthosporium maydis) is the causal agent of southern corn leaf blight. Race T of this fungus differs from race 0 in its high virulence toward corn with T3 cytoplasm and its ability to synthesize a series of linear (chain length of 35-45 carbons) ,B-polyketopolyalcohols known as T-toxin (16). Each major member of this family of structurally related compounds strongly inhibits malate oxidation and stimulates NADH oxidation by mitochondria from susceptible corn shoots but has no equivalent effect on mitochondria, cells, or tissues from resistant (N-cytoplasm) corn or from other plants (24) .
The mitochondrion of T-cytoplasm corn is a major site of action of the toxin. Miller and Koeppe (22) first observed that low concentrations of T-toxin, within seconds after exposure, caused mitochondrial swelling, reduced the rate of oxidation of malate-pyruvate, increased rates of oxidation of succinate and NADH, and uncoupled oxidative phosphorylation. Succinate oxidation is either increased (25) or reduced (4, 30) by T-toxin treatment, apparently depending upon the KCI concentration in the assay medium. Stimulation of ATPase activity (4, 25) , activation of cytochrome oxidase and succinate cytochrome c re-'This research was supported by grants from the National Science Foundation, United States Department of Agriculture Competetive Research Grants Office, and Pioneer Hibred International.
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T-toxin also affects T-cytoplasm mitochondria in situ. Rapid disruption of mitochondrial structure in T-toxin treated T (but not N) cytoplasm root cells has been observed (1). The mitochondria of T-toxin treated T-cytoplasm root cells also show decreased response to deoxyglucose treatment (18) . Moreover, Bednarski et al. (5) found that susceptible corn leaf, coleoptile, and root tissue exposed to T-toxin displayed enhanced rates of oxygen uptake and decreased levels of inorganic and acid-labile organic phosphates. The physiological changes they observed were consistent with the hypothesis that the mitochondrion is the primary target for T-toxin.
There is evidence that certain membrane functions are altered by T-toxin. Uptake ofK+, Na+, Cl1 and P043-is rapidly inhibited in both root and leaf tissue of susceptible corn (20) . These alterations in membrane transport appear to be the result of membrane damage (3, 20) . T-toxin also causes depolarization of the electrogenic transmembrane potential (21) , suggesting that T-toxin directly inhibits electrogenic ion pumps in the plasmalemma.
Corn leaf chloroplast functions are also affected by exposure to T-toxin. Both dark-and light-dependent CO2 fixation are inhibited (2, 7, 24, 30). Recent work (7) indicates that these effects are not caused by T-toxin-induced stomatal closure as previously suggested (2). Furthermore, the ability of T-toxin to markedly reduce light-dependent CO2 fixation (7) suggests that the effect is not due to reduced mitochondrial ATP synthesis, which is knowhi to occur very rapidly after exposure ofprotoplasts to T-toxin (29) . Photophosphorylation by isolated chloroplasts, however, does not appear to be affected by T-toxin (2).
Many of the available data concerning the mechanism of action of T-toxin suggest the involvement ofprocesses associated with ion transport or binding (6, 21). Some investigators have suggested that T-toxin is an ionophore, a compound that alters the permeability of membranes to certain ions, and that the varied cellular responses of susceptible corn are secondary manifestations of this effect (6). In this context, it is interesting to note that the structure of the T-toxin molecule suggests cation binding ability. The arrangement of 12 oxygen atoms along the linear carbon chain provides numerous sites for coordination of cations and a large number of possible configurations which would allow cations with varying radii to be accomodated. ,BDiketones, related structurally to T-toxin, have long been known for their ability to form complexes with a variety of metal ions (10). Since bioassays for T-toxin are carried out in media of varying ionic composition and since variation in the response of cells to T-toxin is a characteristic feature of many assays (30) , it is possible that the ions present may act as uncontrolled variables.
We therefore examined the effect of different cations on the response of corn leaf protoplasts to T-toxin.
Moreover, evidence has accumulated recently for the widespread occurrence of ion sequestering agents in microorganisms (11, 26) . Of particular biological importance are siderophores, compounds that complex with iron (23, 26) and play a key role in the accumulation of iron by bacteria and fungi. Siderophores are essential for the existence of biochemical energy transfer reactions dependent upon the presence of iron as an electron carrier. It has been suggested that the production of siderophores by pathogenic organisms is related to their ability to cause disease (23) . The possibility that T-toxin binds iron was therefore especially interesting, and the study of the effect of metal cations was extended when it was found that iron was effective in reducing the toxic response of T-cytoplasm protoplasts to T-toxin. (19) . Shoots were ground (1 g/ml) in a mortar in ice-cold 0.4 M sucrose, 30 mM HEPES (pH 7.4), 50 mM KH2PO4, 5 mM EDTA, 1 mM dithiothreitol, and 1 mg BSA/ml. Two volumes of buffer were added, the suspension was passed through cheesecloth and centrifuged at 28,000g for 5 min. The pellet was gently suspended with a camel hair brush in the same buffer lacking dithiothreitol and BSA. After centrifuging at 1,500g for 10 min, the supernatant was transferred to a clean centrifuge tube and underlaid with 0.6 M sucrose, 20 mM Hepes (pH 7.4), and centrifuged at 1 8,000g for 20 min. The mitochondria pellet was suspended with a brush in 1 ml 0.4 M sucrose, 20 mm Hepes (pH 7.4). All operations were carried out at 4C.
MATERIALS AND METHODS
Oxygen uptake by mitochondria was recorded at 25°C using a Cochliobolus heterostrophus strains C3 (toxl -) and C4 (TOX1 +) described earlier (17) were analyzed for T-toxin production in liquid culture. The fungi were stored in 25% glycerol at -80C and freshly propagated on complete medium (17) for each experiment. Conidia (about 106) from one 10-cm plate were suspended in 100 ml liquid minimal medium and incubated in a 250 ml Erlenmeyer flask rotating at 120 rpm at ambient temperature (20-23°C) and light. Mycelium was harvested by vacuum filtration through Miracloth and the filtrate was assayed for its toxicity to corn protoplasts. The mycelium was dried, weighed, ground in a mortar, and extracted three times over a 24-h period with 95% aqueous ethanol. The ethanol extracts were filtered through Whatman No.1 filter paper, dried by rotary evaporation in vacuo, and taken up in a known volume of 95% ethanol. Ttoxin was quantified by the effects of the diluted extract on corn leaf protoplasts and by TLC (8).
RESULTS
Effect of T-Toxin and Metal Cations on Protoplast Survival. Exposure of W64AT corn protoplasts to T-toxin (2:1 Mm) for 18 to 24 h caused protoplasts to lose their spherical shape and acquire irregular outlines; chloroplasts were no longer discoidal and were usually clumped. This abnormal state resulting from exposure to T-toxin has been termed protoplast collapse (9). There was no morphologicaleffectof T-toxinon W64ANpro-IRON PROTECTS PROTOPLASTS FROM T-TOXIN toplasts. Our observations agree with those reported previously (9).
To quantify the response of W64AT protoplasts to T-toxin, we chose FDA staining as an indicator of viability (Fig. 1) . Measurements of protoplast viability were generally similar, whether morphology or FDA-staining was used as a criterion for survival, but the latter method was found to be more reproducible. In our experience, the viability of untreated corn mesophyll protoplasts is somewhat variable; viability as determined by FDA staining is generally lower than that indicated by morphological features. The ability of a cell to fluoresce in the presence of FDA appears to be a more stringent test ofviability than morphological changes. Thus, in all protoplast survival experiments reported, FDA staining was used to assess viability.
To test the possibility that T-toxin activity may be affected by metal cations, protoplasts were incubated with T-toxin in the presence or absence of various ions (Table I) concentrations of T-toxin, to protoplasts, the results were indistinguishable from those observed after exposure to the same concentrations ofT-toxin alone (data not shown). The reduction in susceptibility of protoplasts to T-toxin by ferric ion was dose dependent (Fig. 2) An alternate hypothesis is that T-toxin reacts chemically with iron to produce a nontoxic product whose electronic absorption spectrum is not sufficiently different from that of T-toxin to be detected by UV spectroscopy. To test this possibility, the following experimental manipulation was carried out. FeCl3 and Ttoxin were incubated together in aqueous solution for 24 h and were then separated by extraction with CHC13. Both phases were examined for toxicity towards T-cytoplasm protoplasts and Ttoxin was quantified by TLC. FeCl3 reduced the toxitity of Ttoxin to susceptible protoplasts to the same degree whether it was added to them at the same time as T-toxin or incubated with T-toxin for 24 h prior to addition to protoplasts (Table II) . Moreover, full toxin activity could be recovered from a T-toxin/ 
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FeC13 solution incubated for 24 h, in the CHC13 phase of a CHC13/H20 extraction (Table II) . TLC of the CHC13 phase was identical to that of T-toxin incubated alone in water for 24 h. These data indicate that T-toxin is not irreversibly altered by exposure to FeCI3. Oxygen uptake by T-cytoplasm mitochondria is especially sensitive to T-toxin and allows measurements of coupling and of oxidation rates using malate, succinate, and NADH as substrates. Three concentrations of T-toxin (10, 25, and 67 nM) were added to respiring mitochondria in the absence and presence of a 1000-fold molar excess of either Fe(Cl04)3 or Fe(CI04)2. Fe(Cl04)3 alone had no effect on the rate of oxidation of the substrates examined or on the degree of coupling of the mitochondria at the concentrations tested. The addition of Fe(C104)2 resulted in a rapid increase in the rate of 02 uptake lasting approximately a minute, after which mitochondrial oxidation returned to the initial rate. This effect was dose dependent and was observed in the presence or absence of T-toxin. Measurements of oxidation rates, respiratory control ratio (RCR) and ADP/O ratio after T-toxin/Fe2' exposure were made after the termination of the Fe2+-dependent increased 02 uptake.
T-toxin concentrations as low as 10 nM caused a rapid inhibition of malate oxidation and an increased rate of succinate and NADH oxidation by T-cytoplasm mitochondria (Table III) . At slightly higher doses of T-toxin (25 and 67 nM), uncoupling of succinate and NADH oxidation was observed. The presence of a 1000-fold excess of Fe2+ or Fe3+ had no effect on any of these responses (Table III) .
To test whether prior incubation of iron and T-toxin is required for inactivation of T-toxin, the same experiment was carried out using a T-toxin/Fe2+ or Fe3+ mixture which had been incubated at room temperature under ambient light for 8 h. Results were the same as those shown in Table III . Finally, Ttoxin was added to mitochondria that had already been incubated with Fe2+ or Fe3+ for 30 min. This also failed to reveal any effect of iron on mitochondrial inhibition by T-toxin.
Lack of Effect of Iron on T-Toxin Uptake by Protoplasts. Since iron protected protoplasts but not mitochondria from the effect of T-toxin, we tested the possibility that iron prevented Ttoxin uptake by protoplasts. The preferred approach to this question is to follow the movement of isotopically labeled Ttoxin into the protoplast, but lack of availability of labeled Ttoxin necessitated a less direct method. At various times after addition ofT-toxin to protoplasts, T-toxin was either washed out ofthe medium or Fe31 was added. Removal of T-toxin after only 1 h had relatively little effect on protoplast survival, i.e. the LC50 was shifted up approximately 2-fold (Table IV) . The addition of 100 AM FeCl3 either 1 or 6 h after exposure to T-toxin afforded almost complete protection to the protoplasts, i.e. the LC5s was increased to >10' M, a >100,000-fold change in sensitivity. Thus, iron reversed the effect of T-toxin even if added several hours after protoplasts had taken up a toxic dose, suggesting that protection occurs within the protoplast and not at its surface.
Lack of Effect of FeC13 on Responses of Intact Tissue to TToxin. To determine if the effect of FeCl3 on the biological activity of T-toxin is restricted to protoplasts, root-growth inhibition (30) was tested. Concentrations of 1 and 10 gM T-toxin inhibited root elongation by 63 and 74%, respectively. FeCl3 (1 mM) had no effect on the elongation of T-toxin treated roots. A higher concentration of FeCl3 (6 mM) was inhibitory (approximately 50%) to root elongation in the absence of T-toxin. The effect of FeCl3 and T-toxin on green tissue was tested by the leaf whorl assay and a leaf cutting assay (30) . Because of the insensitivity of the tissues to T-toxin relative to their susceptibility to the toxic effects of FeCl3, meaningful results could not be obtained with either of these assays.
Comparison of Effect of FeCI3 on T-Toxin and PM-toxin. C. heterostrophus T-toxin is closely related structurally to a polyketide toxin (PM-toxin) produced by Phyllosticta maydis, another corn pathogen. Its toxic effects on corn tissue closely resemble those of T-toxin. To determine whether the effect of ferric ion is unique to T-toxin, the response of T-cytoplasm protoplasts to PM-toxin was examined in the absence and presence of FeCI3. PM-toxin was approximately as effective in reducing the survival of T-cytoplasm protoplasts as T-toxin. As in the case of T-toxin, the toxicity of PM-toxin could be almost completely prevented by the inclusion of 50 uM FeCl3 in the medium (data not shown).
Effect of FeC13 on Production of T-Toxin by C. heterostrophus. It is characteristic of siderophores that their production is regulated by the level of iron present in the growth medium ( 1.1 27). The ability of iron to alter the biological effects of T-toxin raised the question of whether T-toxin plays any role in metabolism of iron by C. heterostrophus. This was investigated by determining whether the level of iron in the growth medium had any effect on the amount of T-toxin produced by the fungus.
It was necessary to establish first the time course of T-toxin production under standard culture conditions. The germination of conidia and mycelial growth during the first 12 h of culture resulted in little increase in weight of the fungus. The period of most rapid growth was between 12 and 36 h after inoculation (Fig. 3) . After 60 h in culture, the weight of the mycelia began to decline. T-toxin was detectable (approximately 1 uM) in the culture medium immediately after inoculation and increased markedly at the same time as did the weight of the fungus (12-36 h). The level of T-toxin within the mycelium increased more slowly, reaching its maximum rate of production when the culture was 84 to 108 h old. The relative amounts of T-toxin in the mycelium versus the culture filtrate increased with the age of the culture and, after 6 d of culture, the mycelium contained approximately six times as much T-toxin as the filtrate.
To examine the possibility that T-toxin production is regulated by the concentration offerric ion in the medium, 
